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Introduction {#sec001}
============

MicroRNA-155 (miR-155) is processed from the non-protein coding transcript of the *BIC* (B cell Integration Cluster) gene located on chromosome 21 in human and chromosome 16 in mice \[[@pone.0128198.ref001], [@pone.0128198.ref002]\]. miR-155, like other microRNAs (miRNAs), is transcribed by RNA polymerase II to generate primary transcripts (pri-miR-155) that is processed in the nucleus to generate miRNA precursors (pre-miR-155). The pre-miR-155 is then exported into the cytoplasm and is further processed by *Dicer* leading to 23 nucleotides long duplex miRNA \[[@pone.0128198.ref003]\]. Based on the stability of the 5' end, one strand (passenger miR-155) of the miRNA duplex is released and degraded while the other strand (guide strand or mature miR-155), is retained and loaded into the RNA-induced silencing complex (RISC) which binds to target mRNAs as well as regulates gene expression by either repressing protein translation or inducing mRNA degradation. Both arms of pre-miR-155 can develop into mature miR-155-5p or miR-155-3p based on the selection of either 5' or 3' strand respectively \[[@pone.0128198.ref004]\]. However, the expression level of miR-155-5p is reported to be \~20--200 fold higher than that of miR-155-3p \[[@pone.0128198.ref005]\].

Although miR-155 was initially described as an oncogenic miRNA \[[@pone.0128198.ref006]\], the generation of knockout mice lacking BIC/miR-155 highlights the critical role of miR-155 in both innate and adaptive immunity \[[@pone.0128198.ref007]\]. Moreover, miR-155-deficient dendritic cells have been reported to lose efficiency during antigen presentation \[[@pone.0128198.ref008]\]. In addition, miR-155 regulates IFN-γ production in natural killer cells \[[@pone.0128198.ref009]\], controls differentiation of CD4 T helper cell subsets into Th1, Th2, and Th17, as well as promotes development of Treg cells \[[@pone.0128198.ref010], [@pone.0128198.ref011]\]. In CD8 cells, miR-155 is important for the development of T effector function and the memory cytotoxic lymphocyte (CTL) formation. Moreover, miR-155 is essential for normal production of isotype-switched, high-affinity antibodies in B cells \[[@pone.0128198.ref012]--[@pone.0128198.ref014]\].

Expression of miR-155 changes dynamically during immune responses and its overexpression is linked to various diseases ranging from hematological malignancies, cancer, viral infections and autoimmune diseases \[[@pone.0128198.ref015]\]. Current approaches for miR-155 detection are mainly based on quantitative reverse transcription PCR (qRT-PCR), microarray, and deep sequencing \[[@pone.0128198.ref016], [@pone.0128198.ref017]\]. miR-155 KO mice, in which the exon2 of bic/miR-155 gene was replaced by lacZ reporter gene, also allow to study the pri-miR-155 expression *in vivo* \[[@pone.0128198.ref014]\]. These methods represent miR-155 expression at RNA level and do not reflect the real-time function of miR-155 activity in living cells. Recently, Schug and colleagues \[[@pone.0128198.ref018]\] have reported that assessment of expression at RNA level alone does not reflect miRNA activity and is likely to be influenced by multiple factors including contributions of RNA binding proteins, ratio of mRNA to target miRNAs, flanking sequence homology, and change in subcellular localization of miRNA, suggesting unique regulation of miRNA function *in vivo* \[[@pone.0128198.ref018], [@pone.0128198.ref019]\]. Attempts have been made to study miRNA activity in living systems, through development of miRNA sensors based on OFF-system by inserting miRNA target sequence into the 3'-UTR of reporter genes such as lacZ \[[@pone.0128198.ref020]\], GFP \[[@pone.0128198.ref021]\] and luciferase \[[@pone.0128198.ref022], [@pone.0128198.ref023]\]. The endogenous miR will bind to the reporter transcript and downregulate its expression. Another miRNA sensor is based on ON-system by inserting miR binding sites into the 3'-UTR of repressor genes together with a reporter cassette under the regulation of the repressor. The reporter is switched-on by the endogenous miR of interest which degrades the repressor mRNA \[[@pone.0128198.ref024], [@pone.0128198.ref025]\]. Although these sensors can check miRNA activity *in vivo*, their usefulness has not been fully evaluated in living single cells.

In this study, we generated novel miR-155-5p sensor transgenic mice, namely R26-DTR-155T, based on a combination of BAC transgenic approach and a Cre-Lox system by inserting miR-155-5p target sequence into 3'-UTR of DTR-BFP reporter gene. The miR-155-5p/DTR-BFP target-reporter gene module was further placed downstream of the LoxP-STOP-LoxP cassette driven by Rosa26 (R26) promoter. Using this approach, the level of miR-155-5p activity could be effectively determined in these transgenic mice. Furthermore, R26-DTR-155T mice also provided tissue-specific sensing of miR-155 activity by selection of a tissue-specific promoter driven Cre expression. In addition, it could offer the possibility to manipulate a particular cell population according to the expression pattern of miR-155-5p in the distinctive-expressing cells. Our results indicated that R26-DTR-155T transgenic mice may serve as useful tools to uncover miR-155-5p activity and its function in various cell-subsets *in vivo*.

Materials and Methods {#sec002}
=====================

Plasmid constructs {#sec003}
------------------

For construction of miR-155-5p sensor vector (pDTR.BFP-155T-N1) and recombinant Bacterial Artificial Chromosomes (BACs), we synthesized monkey Diphtheria Toxin Receptor (DTR) and TagBlue Fluorescence Protein (BFP) in pUC57 cloning vector (GenScript, Piscataway, NJ) and used them as template to amplify the DTR or BFP gene sequence. Both amplifications were performed through overlapping PCR to create DTR-BFP fusion reporter gene. The fusion reporter gene was cloned into pEGFP-N1 vector (Takara Clontech) in place of EGFP sequence, henceforth, termed as pDTR.BFP-N1 vector. miR-155-5p target gene (Accession no. MIMAT0000165) was designed and cloned into pUC57 vector (GenScript, Piscataway, NJ) containing four copies of the sequence (underlined) linked with four nucleotides in between as follows: [ACCCCTATCACAATTAGCATTAA]{.ul}CGAT[ACCCCTATCACAATTAGCATTAA]{.ul}CGAT[ACCCCTATCACAATTAGCATTAA]{.ul}CTAC[ACCCCTATCACAATTAGCATTAA]{.ul}. The 4×miR-155-5p target (118 bp in length) fragment was subsequently digested with restriction enzymes *EcoRI* and *NotI* and cloned into the pDTR.BFP-N1 vector within similar restriction sites to generate pDTR.BFP-155T-N1 vector. Both pDTR.BFP-N1 and pDTR.BFP-155T-N1 vectors were then digested with *NotI* and *XhoI* and ligated downstream of LoxP-STOP-LoxP cassette into pBigT vector (Addgene plasmid 21270) \[[@pone.0128198.ref026]\], respectively. In order to perform homologous recombination with BAC (RP24-85L15) (CHORI, Oakland, CA, USA), the recombinant pBigT vector was used as template to amplify the cassette of a 4.7 kb transgene (LoxP-STOP-LoxP-DTR.BFP-155T or LoxP-STOP-LoxP-DTR.BFP) comprising of R26 arm sequence, having 200 bp upstream and 400 bp downstream. The transgene in recombinant BACs was checked by *XhoI* restriction enzyme as well as DNA sequencing before microinjection.

To construct the miR-155 expression vector (pEF-BOS-EX-miR-155), mouse miR-155 gene was amplified using the following primers: F 5'-CGGGATCCTGAACCGTGGCTGTGTTAAA-3' and R 5'-GCTCTAGAAGAATGGCCGTCCTGAATTT-3'. The amplified products were digested with *BamHI* and *XbaI* and then cloned into the pEF-BOS-EX vector \[[@pone.0128198.ref027]\] within the respective restriction enzyme sites.

To generate pmirGLO Dual-Luciferase miR-155-5p target expression vector (pmirGLO-4×miR-155-5pT), 4xmiR-155-5pT-pUC57 cloning vector was digested with *EcoRI* and *HindIII* to transfer 4×miR-155-5p target sequence into the *EcoRI* and *HindIII* site of pBluescript II SK+ phagemide (Stratagene, La Jolla, CA). The target sequence was subsequently digested with *SacI* and *XhoI* to clone into the pmirGLO vector (Promega).

Generation of R26-DTR-155T transgenic mice {#sec004}
------------------------------------------

The final BAC constructs were microinjected into pronuclei of fertilized B6×DBAF1 mouse oocytes to generate R26-DTR-BFP-miR-155-5p target mice (R26-DTR-155T mice) or R26-DTR-BFP mice (R26-DTR mice). The R26-DTR-155T mice were crossed with CMV-Cre mice (Tg(CMV-Cre)1Cgn) to obtain CMV-Cre x R26-DTR-155T mice for screening the DTR reporter protein and were used for determining miR-155-5p activity in distinct cell lineages. To determine miR-155-5p activity in Treg cell subsets, the R26-DTR-155T mice were crossed with Foxp3-GFP-Cre x R26-YFP mice to achieve Foxp3-GFP-Cre x R26-YFP x R26-DTR-155T mice. The Foxp3-Cre mice are Tg(Foxp3-EGFP/cre)1cjbs strain and were crossed with R26-YFP knockin mice as described previously \[[@pone.0128198.ref028]\]. All mice were housed and bred under specific pathogen-free conditions at the Beijing Laboratory Animal Research Center in accordance with the guidelines for care and use of laboratory animals established by the Beijing Association for Laboratory Animal Science. All animal procedures were conducted in accordance with the "Regulation of the Institute of Microbiology, Chinese Academy of Sciences of Research Ethics Committee". The protocol was approved by the Research Ethics Committee of Institute of Microbiology, Chinese Academy of Sciences (PZIMCAS2012002).

Validation of miR-155-5p-OFF system *in vitro* {#sec005}
----------------------------------------------

miR-155-5p target reporter assay by luciferase assay was performed in 24-well plates. pmirGLO-4×miR-155-5pT and pEF.BOS.EX-miR-155, pEF.BOS.EX-miR-146a or pEF.BOS.EX-empty vector were mixed at a molar ratio of 1:1 in Opti-MEM (Promega) followed by mixing with Lipofectamine2000 (Invitrogen). After 20 minutes incubation at room temperature, the mixture was gently added into HEK293T cells (1×10^5^ cells/well). The transfected HEK293T cells were cultured in DMEM (Dulbecco's modified Eagle's medium, Gibco, Life Technologies) supplemented with 10% fetal bovine serum, GlutaMax, 100U/mL penicillin, and 100 μg/mL streptomycin at 37°C in 5% CO~2~ for 24 hours, then cells were analyzed for luciferase activity using Dual-Glo Luciferase Assay System (Promega) according to the manufacture's protocol.

For the miR-155-5p target reporter assay by flow cytometry, HEK293T cells were placed at 1×10^5^ cells/well in 24-well plates and co-transfected with pDTR.BFP.155T-N1 and pEF.BOS.EF-miR155 or pEF.BOS.EX-empty vector at various molar ratios of 1:5, 1:1 and 5:1 using Lipofectamine2000 (Invitrogen). After 48 hours post transfection, cells were analyzed using flow cytometry. Data were collected and processed using FACS analysis software (FlowJo).

For evaluating sensitivity of the R26-DTR-155T system, HEK293T cells were placed at 1×10^5^ cells/well in 24-well plates and co-transfected with 400 ng/well of pDTR.BFP.155T-N1 along with increasing amounts of miR-155-5p mimic or miR control mimic (RiboBio, China) in the presence of Lipofectamine 2000 (Invitrogen). 48 hours post transfection, cells were analyzed using flow cytometry. Data were collected and processed using FACS analysis software (FlowJo).

Quantitative real-time PCR {#sec006}
--------------------------

Total RNA from each sorted cell type of interest from Foxp3-GFP-Cre x R26-YFP mice was extracted by Trizol reagent (Invitrogen). The Bulge-Loop miRNA qPCR Primer Set (RiboBio, China) was then used to detect miR-155 expression by qRT-PCR using QuantiTect SYBR Green PCR +UNG Kit (QIAGEN,204163). The overall reaction, in a total volume of 10 μL, consisted of 5 μL Master Mix, 200 nM of each primer, and 2 μL of the diluted cDNA product. After 2 min at 50°C, the DNA polymerase was activated at 95°C for 15 min, followed by 45 cycles at 95°C for 15 s, 60°C for 30 s, and 72°C for 30 s. U6 primer was used to normalize target miR-155 expression. Relative expression levels for miR-155 were determined using the 2^-ΔΔCt^ method. All reactions were performed three times using a LightCycler480 System (Roche Applied Science).

Antagonism of miR-155 function {#sec007}
------------------------------

Antagomir-155 was purchased from RIBOBIO (Guangzhou, China). Lymph node cells of CMV-Cre x R26-YFP x R26-DTR-155T mouse founder 47 were stimulated with 0.5 μg/mL anti-CD3 (2C11) in RPMI-1640 (Gibco, Life Technologies) supplemented with 10% fetal bovine serum, non-essential amino acids (NEAA), 2-ME, 100U/mL penicillin, and 100 μg/mL streptomycin at 37°C in 5% CO~2~ for 48 hours. The activated cells were then washed and seeded at 1×10^6^ cells/well in 24-well plates to perform transfection with 200 nM antagomir-155 or 200 nM antagomir-142 (negative control) using Lipofectamine2000 (Invitrogen) according to the manufacture's protocol. After 18 hours of transfection, cells were analyzed by FACS Calibur (BD Biosciences).

DTR staining for determining miR-155-5p activity {#sec008}
------------------------------------------------

For cell surface staining, lymph node cells at a density of 2×10^6^ were first stained with 4 μg/mL anti-DTR-biotin (R&D cat.BAF259) and then stained with Streptavidin-PE (BioLegend cat.405204) along with either of the following fluorochrome-conjugated antibodies: anti-CD4-PerCP clone GK1.5 (Tianjin Sungene Biotech Co.), anti-CD44-APC clone IM7 (eBioscience), anti-B220-PerCP-cy5.5 clone RA3-6B2 (eBioscience), anti-CD62L-APC clone MEL-14 (BioLegend), and anti-CD8-Brilliant Violet 605 clone 53--6.7 (BioLegend). For intracellular Foxp3 staining, cells were first treated with the antibodies specific for cell surface and later stained with anti-Foxp3-Alexa Fluor488 clone FJK-16s (eBioscience) using the intracellular-staining kit from eBioscience. Cells were analyzed on Fortessa (BD Biosciences) or FACS Calibur (BD Biosciences). Data were analyzed using FACS analysis software (FlowJo).

Diphtheria toxin (DT) treatment {#sec009}
-------------------------------

All mice were aged 8--16 weeks at the onset of experiment. Each mouse was i.p. injected with 50 μg/kg body weight of DT from *Corynebacterium diphtheria* (Calbiochem, San Diego, CA, USA) on two consecutive days, day0 and day1. Blood samples were taken from each mouse prior to injection, on the indicated days. The peripheral blood was lysed, stained with anti-CD4 and examined through FACS Calibur.

Results {#sec010}
=======

*In vitro* validation studies {#sec011}
-----------------------------

MicroRNA activity in gene regulation mainly occurs through the interaction of miRNA with the 3'-UTR of its target gene. To assess the specificity of the miR-155-5p-OFF system, miR-155-5p target was evaluated by inserting four tandem copies of a 23-bp sequence with perfect complementarity to miR-155-5p into the 3'-UTR of the firefly luciferase gene. This strategy of using multiple copies of miRNA target sequence has been well validated \[[@pone.0128198.ref021]\]. The miR-155-5p target was initially validated by a conventional luciferase reporter assay in transfected HEK293T cells with a pmirGLO carrying miR-155-5p target and vector expressing miR-155 or miR-146a (as a miRNA control). The results showed that the miR-155-5p target was responsible for overall miR-155-5p interaction leading to decreased luciferase signals compared to HEK293T cells transfected with miR-146a ([Fig 1A](#pone.0128198.g001){ref-type="fig"}). Next, we constructed the miR-155-5p sensor by inserting the 4×miR-155-5p target sequence into the 3'-UTR of a DTR.BFP fusion reporter gene (termed as DTR.BFP-155T). FACS analysis showed that miR-155-5p was able to knock down the BFP reporter signal leading to decrease in expression level of BFP in dose dependent assays ([Fig 1B](#pone.0128198.g001){ref-type="fig"}). To further determine sensitivity of the miR-155-5p-OFF system in response to expression of miR-155-5p, HEK293T cells were transfected with pDTR.BFP-155T-N1 along with varying amounts of synthetic precursor miR-155 ranging from 0 to 40 nM ([Fig 1C](#pone.0128198.g001){ref-type="fig"}). It showed that the fold change of DTR expression from HEK293T cells transfected with pDTR.BFP-155-N1 was inversely correlated with increasing amounts of synthetic miR-155. The linear relationship between miR-155-5p level and DTR expression was found to be correlated (R^2^ = 0.8969), with varying concentration of miRNA ranging from 0 to 2.5 nM ([Fig 1D](#pone.0128198.g001){ref-type="fig"}).

![Validation of miR-155-5p-OFF system *in vitro*.\
(A) Validation of miR-155-5p target using luciferase assay, HEK293T cells were transfected with pmirGLO-4xmiR-155-5pT plus pEF-BOS-EX-miR-155, pEF-BOS-EX-miR-146a, and pEF-BOS-EX-empty vector (control), respectively, at a molar ratio of 1:1. (B) Validation of miR-155-5p target by flow cytometry, expression vector for miR-155 (pEF-BOS-EX-miR-155) or a control vector (pEF-BOS-EX) was co-transfected into HEK293T cells with an expression vector for miR-155-5p target reporter sequence (pDTR.BFP-155T) at various molar ratios. The expression of BFP reporter signal was analyzed through flow cytometry after 48 hours of transfection. (C and D) Sensitivity of miR-155-5p-OFF system. Fold change of mean fluorescent intensity of DTR expression in HEK293T cells transfected with pDTR.BFP-155T-N1 plasmid with increasing concentrations (0, 1.25, 2.5, 5, 10, 20, and 40 nM) of synthetic miR-155 or miR control. Significance was calculated by Student's *t*-test using GraphPad Prism 5 software. N = 3, ns: not significant; \*P\<0.05; \*\*P\<0.01, \*\*\*P\<0.001, \*\*\*\*P\<0.0001.](pone.0128198.g001){#pone.0128198.g001}

Generation and Characterization of miR-155-5p sensor transgenic mice {#sec012}
--------------------------------------------------------------------

With an aim to generate miR-155-5p sensor transgenic mouse providing tissue specific determination and ablation, the 1463 bp long DTR.BFP-155T fragment was inserted downstream of the LoxP-STOP-LoxP element in order to prevent transcription of the reporter gene. Further, the whole cassette, LoxP-STOP-LoxP-DTR.BFP-155T, was inserted downstream of a transcriptional start site at the ubiquitously expressed R26 locus ([Fig 2A](#pone.0128198.g002){ref-type="fig"}). The final modified BAC constructs were then microinjected into the pronuclei of fertilized oocytes of B6×DBA2F1 mice to generate R26-DTR-155T sensor transgenic mice. R26-DTR mouse carrying an identical transgene with the exception of miR-155-5p target sequence was used as control ([Fig 2A](#pone.0128198.g002){ref-type="fig"}). We obtained two founders, 47 and 84, for R26-DTR-155T mice and one for R26-DTR mouse.

![Generation and Characterization of miR-155-5p sensor transgenic mice.\
(A) Schematic illustration of the BAC transgenic constructs. Left panel-R26-DTR-BAC lacking miR-155-5p target sequence. Right panel-R26-DTR-155T-BAC containing 4×miR-155-5p target sequence in the 3'-UTR of DTR-BFP fusion gene. The fusion cassette gene was then placed downstream of a STOP element flanked by LoxP sites driven by Rosa26 promoter. (B) Schematic illustration of the determination of miR-155-5p activity in single living cell by flow cytometry. The relative activity of miR-155-5p will be inversely proportional to the expression level of DTR or BFP. (C) Phenotype of R26-DTR-155T mice. Figures in the upper panel show FACS profiling of DTR expression in conventional (conv) CD4-gated cells and Treg-gated cells of different mice as shown. Two founders, 47 and 84, of the R26-DTR-155T mice and a R26-DTR mouse were crossed with CMV-Cre mice; lymph node (LN) cells of the littermates were stained with anti-DTR-Biotin and then conjugated with Streptavidin-PE along with anti-CD4 and anti-Foxp3 (intracellular staining) and analyzed through FACS Calibur. Figures in the lower panel represent DTR MFI of indicated cells (shown in the figures of upper panel). Significance was calculated by Student's *t*-test using GraphPad Prism 5 software. N = 3, ns: not significant; \*P\<0.05; \*\*P\<0.01.](pone.0128198.g002){#pone.0128198.g002}

To characterize the founder mice, three founders were first crossed with CMV-Cre mice that express Cre recombinase driven by the cytomegalovirus minimal (CMV) promoter. In the resultant mice, deletion of LoxP-flanked stop cassette occurred in all tissues including germ cells leading to the transcription of the reporter gene in every living single cell \[[@pone.0128198.ref029]\]. In miR-155 -5p high-expressing cell, miR-155-5p binds to target mRNAs and inhibits or degrades protein translation. However, in case of miR-155-5p low-expressing cell, the overall concentration of miR-155-5p has no significant effect upon the translation process. When examine with flow cytometry, the activity of miR-155-5p will be inversely proportional to the expression level of DTR or BFP reporter protein ([Fig 2B](#pone.0128198.g002){ref-type="fig"}). The BFP signal was detectable in all mice, whereas the DTR had a much stronger signal; therefore, we selected the DTR as a reporter in this study (data not shown). DTR expression in both conventional (conv) CD4 cells and Treg cells from two founders of miR-155-5p sensor transgenic mice was significantly lower compared to the control. Since founder 47 was much lower in expressing the DTR reporter than founder 84 ([Fig 2C](#pone.0128198.g002){ref-type="fig"}), it might indicate that different copy numbers or integration sites of the transgene into the chromosome resulted in unequal yield of miR-155-5p target reporter mRNA \[[@pone.0128198.ref030], [@pone.0128198.ref031]\]. Importantly, DTR expression by Treg was significantly decreased from R26-DTR-155T mice only and not from R26-DTR mice (control), in comparison with expression by conv CD4 cells.

Inhibition of miR-155-5p rapidly releases DTR expression {#sec013}
--------------------------------------------------------

To test whether the low DTR expressing cells was the effect of high level of miR-155-5p activity, we carried out experiments with the transduction of antagomiR-155 also known as anti-miR-155, which was used to silence endogenous miR-155-5p. Flow cytometry analysis showed that the expression of DTR was increased significantly once miR-155-5p was inhibited ([Fig 3](#pone.0128198.g003){ref-type="fig"}). These results indicated that the expression level of DTR was significantly influenced by the level of endogenous miR-155-5p activity.

![Inhibition of miR-155-5p with antagomir-155 rapidly releases DTR expression.\
LN cells of CMV-Cre x R26-YFP × R26-DTR-155T mice founder 47 were stimulated with anti-CD3 for 48 hours. The activated cells were then transfected with 200 nM antagomir-155 or 200 nM antagomir-142 as negative control. FACS analysis was performed after 18 hours of transduction for detecting DTR expression. Left panel shows the dot plots of DTR expressing cells transduced with indicated antagomir. Middle panel shows the overlaid histograms of DTR expression between antagomir-155 and antagomir-142 transfected cells. Right panel shows DTR MFI of indicated cells. Significance was calculated by Student's *t*-test using GraphPad Prism 5 software. N = 3, \*\*\*\*P\<0.0001.](pone.0128198.g003){#pone.0128198.g003}

Detection of miR-155-5p activity by R26-DTR-155T mice in distinct cell lineages {#sec014}
-------------------------------------------------------------------------------

Next, we took advantage of CMV-Cre x R26-DTR-155T and CMV-Cre x R26-DTR control mice to determine the activity of miR-155-5p in conv CD4 (CD4+Foxp3-), Treg (CD4+Foxp3+), CD8, and B cells under homeostatic condition ([Fig 4A](#pone.0128198.g004){ref-type="fig"}). Only Treg cells showed strikingly decreased level of DTR expression in resting conditions, which is consistent with previous deep sequencing reports \[[@pone.0128198.ref032], [@pone.0128198.ref033]\] and further confirmed by qRT-PCR analysis ([Fig 4A](#pone.0128198.g004){ref-type="fig"}).

![Relative difference of DTR expression in R26-DTR-155T mice reflects miR-155-5p activity in different cell lineages.\
(A) miR-155-5p activity in specific cell types of interest. LN cells from CMV-Cre x R26-DTR-155T mice or CMV-Cre x R26-DTR mice were stained with anti-DTR along with either anti-CD4, anti-Foxp3 (intracellular staining), anti-CD8 and anti-B220 for conventional CD4 (CD4+Foxp3-), Treg (CD4+Foxp3+), CD8 and B cells respectively. DTR expression was shown by mean fluorescence intensity (MFI). Data represent mean ±SD (N = 3 for CMV-Ce x R26-DTR mice and N = 5 for CMV-Cre x R26-DTR-155T mice). Figure on the right represents endogenous expression levels of miR-155 in indicated cells detected by qRT-PCR. (B) FACS profiling represents the pattern level of miR-155-5p activity of conv CD4-gated cells and of Treg-gated cells for CD44^high^ or CD44^low^ cells and CD62L^high^ or CD62L^low^ cells. (C-D) Comparison of DTR MFI of conv CD4-gated cells and Treg-gated cells in CD44^high^ or CD44^low^ cells and CD62L^high^ or CD62L^low^ cells from R26-DTR mice and R26-DTR-155T mice. Each symbol represents one mouse and small horizontal lines indicate the mean. Figure on the right represents endogenous expression levels of miR-155 in indicated cells (in naïve conv CD4 (CD4+ CD62L^high^ YFP-), effector conv CD4 (CD4+ CD44^high^ YFP-), in naïve Treg (CD4+ CD62L^high^ YFP+, effector Treg (CD4+ CD44^high^ YFP+)), effector Treg (CD4+ CD44^high^ YFP+)) of Foxp3-GFP-Cre x R26-YFP mice detected by qRT-PCR. Significance was calculated by student t-test using GraphPad Prism version 5 software. N = 3, ns; not significant, \*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.0001.](pone.0128198.g004){#pone.0128198.g004}

It has been reported that miR-155 is highly expressed in effector or memory Treg cells compared to lower expression levels in both naïve Treg cells and naïve conventional CD4 cells \[[@pone.0128198.ref033]\]. To determine miR-155-5p activity in effector cells, we used CD44 and CD62L as marker to define them. We observed that CD44^high^ cells or CD62L^low^ cells of CMV-Cre x R26-DTR-155T mice showed low level of DTR expression in both conv CD4 cells and Treg cells compared to that of CMV-Cre x R26-DTR mice ([Fig 4B](#pone.0128198.g004){ref-type="fig"}). The low level of DTR expression in CD44 ^high^ cells or CD62L ^low^ cells was significant different from CD44^low^ cells or CD62L^high^ cells in both conv CD4-gated cells and Treg-gated cells of CMV-Cre x R26-DTR-155T mice ([Fig 4C and 4D](#pone.0128198.g004){ref-type="fig"}). The expression of DTR in naïve cells and effector cell of conv CD4+ and Treg cells from CMV-Cre x R26-DTR-155T mice was inversely correlated with the expression level of miR-155 in those cells from Foxp3-GFP-Cre x R26-YFP mice detected by qRT-PCR. These results demonstrate the response by CMV-Cre x R26-DTR-155T mice to distinct levels of miR-155-5p activity, which implies that effector cells have higher level of miR-155-5p activity than naïve cells.

Since Treg cells express the highest level of miR-155-5p activity, we respectively crossed two founders (47 and 84) of R26-DTR-155T mice with Foxp3-GFP-Cre x R26-YFP mice to produce triple transgenic mice (Foxp3-**GFP-**Cre x R26-**YFP** × R26-**DTR**-155T mice). The two founders revealed a distinctive expression pattern of DTR with two populations, DTR- expressing (miR-155-5p^low^) Treg cells and DTR- non-expressing (miR-155-5p^high^) Treg cells ([Fig 5A](#pone.0128198.g005){ref-type="fig"}). According to Treg cells expressing two distinct populations of DTR expression level, we considered that DTR- expressing Treg cells might be exFoxp3s \[[@pone.0128198.ref028]\]. These cells were Foxp3^+^ at one time, but do not express detectable Foxp3 anymore. Thus, we pre-fixed cells with 1% paraformaldehyde to preserve YFP and then stained for Foxp3. Using this method, we were able to distinguish Treg cell subset into exFoxp3 cells and Treg cells characterized by YFP^+^Foxp3^-^ and YFP^+^Foxp3^+^ respectively ([Fig 5B](#pone.0128198.g005){ref-type="fig"}). Surprisingly, exFoxp3 cells still maintained high level of miR-155-5p activity even after they lost Foxp3 expression ([Fig 5B](#pone.0128198.g005){ref-type="fig"}), which is inconsistent with previous study that continuous Foxp3 expression is indispensable for the maintenance of high amounts of miR-155-5p in Treg cells \[[@pone.0128198.ref010]\]. These results suggested that miR-155-5p can be induced through other signaling molecules such as T-cell receptor \[[@pone.0128198.ref034]\]. Treg can be divided into central T reg (cTR) and effector T reg (eTR) cells, based upon the expression of CD62L and CD44, which have very different homeostatic characteristics \[[@pone.0128198.ref035]\]. In consistent with the results in conventional T cells, we found that miR-155-5p activity was significantly high in effector T reg (eTR) cells, which express CD62L^low^ and CD44^high^ cells ([Fig 4B and 4D](#pone.0128198.g004){ref-type="fig"}).

![Activity of miR-155-5p in Treg cell subsets.\
(A) Phenotype of two R26-DTR-155T founders. LN cells of Foxp3-GFP-Cre x R26-YFP × R26-DTR-155T mice were stained for DTR. YFP^+^ cells represent Cre expressing and once expressed cells, which were divided into two populations, DTR-expressing cells (low miR-155-5p expression) and DTR-non-expressing cells (high miR-155-5p expression). Figure on the right represents DTR MFI of indicated cells. (B) Comparison of DTR expression level between exFoxp3-gated cells and Treg-gated cells from two founders of R26-DTR-155T and one of R26-DTR. (C) Depletion of DTR-expressing Treg cells. The figure on the left represents the percentage of the remaining YFP^+^CD4^+^ cells in peripheral blood. Each mouse was i.p. injected with 50 μg/Kg body weight of DT on two consecutive days, at day0 and day1 after taking blood. YFP^+^CD4^+^ cells represent Treg cells. The figure on the right shows pooled data of depletion efficiency of Treg cells after the first DT injection or 24 hours after DT treatment. Each symbol represents one mouse and small horizontal lines indicate the mean. Significance was calculated by Student's *t*-test using GraphPad Prism 5 software. N = 3, ns---not significant; \*\*\*P\<0.001.](pone.0128198.g005){#pone.0128198.g005}

To assess whether the DTR-expressing Treg cells would be eliminated, we injected each mouse with DT twice and monitored the number of remaining Treg cells in peripheral blood. The remaining number of Treg cells from Foxp3-GFP-Cre x R26-YFP mice lacking transgene did not change during the time of injection. Approximately 90% of Treg cells from Foxp3-GFP-Cre x R26-YFP × R26-DTR mice lacking miR-155-5p target were depleted whereas two founders 47 and 84 carrying miR-155-5p target had 55% and 25% of eliminated Treg cells, respectively, which were consistent with the number of DTR- expressing Treg cells ([Fig 5C](#pone.0128198.g005){ref-type="fig"}). These results demonstrated that R26-DTR-155T mice provided cell ablation in distinctive miR-155-5p expressing cells.

Discussion {#sec015}
==========

A new challenge in the field of miRNA biology is to study its function in living systems. miRNA activity is likely to be influenced by multiple factors. Schug et. al. reported that miRNA recruitment to the RISC did not always correlate with the level of miRNA expression \[[@pone.0128198.ref018]\]. Thus, we speculated that it would be informative to assess miRNA activity by detecting output of expression level of reporter protein in living single cell. To study miR activity *in vivo*, we generated a novel miR-155-5p transgenic mouse line by inserting miR-155 -5p target sequence downstream of a ubiquitous expressing reporter comprising DTR and BFP based on miR-OFF system. To gain both efficiency and sensitivity, we chose BAC transgenic approach to generate our miR-155-5p transgenic mouse line, termed as R26-DTR-155T. A previously validated murine BAC clone RP24-85L1 was used to generate R26-DTR and R26-DTR-155T BAC transgenic strains in this study \[[@pone.0128198.ref036]\]. Giel-Moloney et al \[[@pone.0128198.ref036]\] had demonstrated the ubiquitous and uniform expression of transgene under control of this 187 kb BAC containing the R26 locus. Moreover, multiple copies of BAC transgene can be integrated into mouse chromosome after pronuclear microinjection, which can significantly increase the transgene expression level \[[@pone.0128198.ref031]\]. We found that DTR expression from CMV-Cre x R26-DTR mice indeed recapitulated the expression pattern of R26 knockin strain. However, DTR expression from R26-DTR-155T mice was inversely correlated with miR-155-5p expression in most of the cell types. Moreover, decreased DTR expression can be partial recovered by inhibition of endogenous miR-155-5p activity. Thus, this new miR-155-5p transgenic mouse line could be used to track miR-155-5p activity *in vivo* in specific cell types of interest.

Currently, we do not know a threshold level of miR-155-5p activity that is required for playing a critical role in cell lineage differentiation and immune responses to control physiological and pathological processes. It has been reported that miR-155 promotes autoimmune diseases in experimental autoimmune encephalomyelitis (EAE) model \[[@pone.0128198.ref037]--[@pone.0128198.ref039]\]. Thus the R26-DTR-155T mice might be useful to address this question by using adoptive transfer of cells with distinct level of miR-155-5p activity into recipient mice.

In addition, using R26-DTR-155T mice as a miR-155-5p activity sensor, we showed that effector cells defined by CD44^high^ or CD62L^low^ cells express higher level of miR-155 -5p than naïve cells. It has now become clear that miR-155-5p levels are increased after stimulation of cells through multiple cellular signaling pathways and the activation of T cells is a tightly regulated process to maximize protective immune responses to pathogens while minimizing damage to self-tissues \[[@pone.0128198.ref040]\]. The role of miR-155-5p activity after cell activation is unclear, suggesting that these new miR-155-5p transgenic mice may prove to be useful tools based on tissue-specific miR-155-5p activity sensor. OX40 (CD134) is a member of the TNF receptor family and constitutively expressed on activated cells. It is strongly induced in activated CD4 T cells and Treg cells in OX40 Cre mice \[[@pone.0128198.ref041]\]. Another gene, the orphan nuclear hormone receptor Nur77 (also known as NR4A1), is rapidly induced in response to BCR signaling. Zikherman and colleagues \[[@pone.0128198.ref042]\] used the Nur77-GFP transgenic reporter mice to track BCR signaling during B cell development, showing that B cell responsiveness to antigen receptor stimulation was found to vary in a manner that was inversely correlated with GFP signal. Thus, both OX40 and Nur77 reporter mice are suitable to study miR-155-5p activity in activated CD4^+^ T cells, Treg cells, and activated B cells respectively, by crossing with our miR-155-5p transgenic mice. The role of miR-155-5p in activated CD8^+^ T cells was studied in the context of antiviral T cell responses *in vivo* \[[@pone.0128198.ref012]\]. It was shown that effector T cells have higher miR-155-5p expression level than naïve cells and effector memory (T~EM~) cells by maintaining miR-155-5p at a higher level, while central memory (T~CM~) cells downregulate miR-155-5p expression to the same level in naïve cells, suggesting that miR-155-5p might indeed play a functional role in CD8^+^ memory differentiation. After pathogen clearance, it is known that most of the specific T cells undergo apoptosis and some develop into memory cells but we know little about the role of miR-155-5p in memory fate decision. With potential to deplete naïve cells and central memory cells, miR-155-5p transgenic mice might be used to monitor the fate of effector and effector memory CD8^+^ T cells. Further studies would be required for confirming whether DTR expression from the miR-155-5p transgenic mice is only regulated by miR-155-5p, and it can be achieved by crossing the miR-155 deficient mice or miRNA-deficient mice with R26-DTR-155T mice.

One drawback of R26-DTR-155T mice is the relative long half-life of DTR-BFP ([S1 Fig](#pone.0128198.s001){ref-type="supplementary-material"}), which might not be suitable for monitoring dynamic processes of miR-155-5p. In such cases, DTR-BFP reporter can be substituted with d1GFP variant in the future, which has a much shorter half-life \[[@pone.0128198.ref043]\].

In conclusion, we propose that the R26-DTR-155T mice might prove to be efficient *in vivo* model for studying distinctive miR-155-5p expressing cell subsets. In addition, we expect that these mice would be useful tools for tracking miR-155-5p activity in activated cells in several different experimental contexts.

Supporting Information {#sec016}
======================

###### Validation of DTR turnover by cycloheximide assay.

HEK293T cells transfected with pDTR.BFP.155T-N1. 48 hours post transfection, cells were treated with 100 μg/mL of cycloheximide for consecutive 0, 4, 8, 12, 24, and 48 hours. The treated cells were stained for DTR protein expression and analyzed by flow cytometry.

(TIF)

###### 

Click here for additional data file.
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